Electrochemical hydride generation (EcHG) as a sample introduction system for determination of zinc was developed. It was directly coupled to an electrically heated quartz tube atomizer (QTA) atomic absorption spectrometry (AAS) system. The hydride generator is a laboratory-made semi-batch electrolytic cell that consists of a lead-tin alloy cathode and a platinum anode. The effects of typical parameters on the generation efficiency of the technique, such as types of cathode material and catholyte and anolyte solutions, were studied. The influences of numerical experimental operating parameters on the analytical signal were evaluated in detail and optimum conditions were obtained. The analytical figures of merit for the developed method were determined. The calibration curve was linear up to 300 ng mL -1 of Zn. A concentration detection limit (3σ, n = 9) of 11 ng mL -1 Zn and a relative standard deviation of 5.0% (RSD, n = 9) for 200 ng mL -1 Zn were accessed. In addition, the susceptibility of interference from various ions was evaluated. The accuracy of the method was verified by determination of Zn in a certified reference material and in tap water. The achieved concentrations were found to be in good agreement with both the certified value and the data obtained using flame AAS.
Introduction
The introduction of volatile hydrides of As, Bi, Ge, Sb, Se, Sn, Te, and Tl, or cold vapors of Hg and Cd, generated through the reaction with tetrahydroborate(III) ions in acidic media, has been widely used in atomic spectrometric methods to increase their detection performance. [1] [2] [3] Within the last decade, the scope of this technique has been expanded to the study of several transition and noble metals, such as Au, Ag, Co, Cr, Cu, Fe, Ir, Mn, Ni, Pd, Pt, Rh, Ru, Os, Ti and Zn. However, their overall vapor generation efficiencies were generally estimated to be low and did not exceed 30%. The volatile species produced by these methods were identified to be very unstable and typically molecular in nature. [4] [5] [6] Recently, Zn has been shown to form vapor species via reduction with NaBH4 in acidified media. The generated volatile species were determined using different atomic spectrometry techniques. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Luna et al. described the formation of volatile species of Zn and some other transition metals by atomic absorption spectrometry (AAS). 7 Inductively-coupled plasma atomic emission spectrometry (ICP-AES) has been used for determination of Zn, followed by chemical vapor generation using borohydride. 8, 10, 13, 17 Feng et al. have also studied the generation of gaseous derivatives for determination of some transition and noble metals including Zn by inductively coupled plasma mass spectrometry (ICP-MS). 9, 14, 16 Sun and coworkers reported the determination of Zn by atomic fluorescence spectrometry (AFS). 11, 15 They found that the volatile Zn species are molecular hydrides and they confirmed the results obtained by Smichowski et al. 13 Solid and gaseous CdH2 and ZnH2 have been studied using both theoretical calculations and various experimental methods. Their equilibrium bond lengths, dissociation energies and vibrational frequencies were also determined. Zinc hydride is found to be more stable than cadmium hydride. Gaseous CdH2 and ZnH2 have a linear H-M-H structure and are relatively stable, allowing them to be detected in the gas phase. [18] [19] [20] As an alternative to chemical hydride generation (CHG) techniques based on the tetrahydroborate-acid system, some electrochemical HG (EcHG) methods have recently been developed for determination of elemental Hg and hydride-forming elements (HFEs). These techniques have been successfully used on many HFEs, including As, Bi, Cd, Ge, Sb, Se, Sn, Te and Tl. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] The fundamental aspects and applications of EcHG were discussed in two recent reviews. 31, 32 Instead of using CHG with NaBH4 as a reducing agent for the formation of hydrides, which is an unstable and expensive reagent and represents a potential contamination, the EcHG was performed in the cathode compartment of an electrolytic cell. The method is based on the reaction of the electrochemically-generated hydrogen atoms on the cathode surface and HFEs. 31, 32 As presented in our early publications, EcHG methodology coupled with AAS has been successfully used for determination of trace amounts of cadmium. 25, 26 Considering the fact that Zn and Cd have similar chemical properties, we expected that zinc hydride could be produced under the same conditions as those reported for electrolytic generation of cadmium hydride. The generated cadmium hydride species were stable during their separation from the liquid phase and throughout the transportation processes to the detector. 25, 26 The purpose of this work is to study the EcHG of Zn and to investigate a sample introduction system for determination of Zn using atomic absorption spectrometry (AAS). The influences of several parameters affecting the generation efficiency of volatile Zn species were evaluated in detail and the analytical performances of the technique were determined.
Experimental

Instrumentation
An atomic absorption spectrometer (AA-680, Shimadzu, Japan) equipped with an electrically-heated quartz tube atomizer (150 mm length, 4.2 mm i.d.) was used for atomic absorption measurements. A Zn hollow cathode lamp (Hamamatsu Photonics, Japan), operated at 4 mA, was used as the radiation source at a wavelength of 213.9 nm with 0.5 nm bandpass slit. In-house software permitted the virtualization and evaluation of transient signals.
Scanning electron microscopy (SEM) studies were undertaken using a SEM (S-360, Cambridge Instruments, UK) equipped with an energy dispersive micro-analyzer (EDX detector) for elemental analysis.
Electrochemical hydride generation system
The electrolytic hydride generation system was mainly constructed in accordance with the design described in our previous publications. 25, 26 The generator consisted of a new electrolytic cell including batch cathodic and continuous-flow anodic compartments separated by a Nafion ion exchange membrane (DuPont, USA). A lead-tin alloy wire (Pb:Sn 37:63, diameter of 0.80 mm and surface area of 0.80 cm 2 , Asahi, Singapore) and a coil of Pt wire (0.25 mm diameter, 1.0 cm 2 surface area, Merck, Germany) served as the cathode and the anode, respectively. The electrolytic cell was connected to a DC power supply (FA-851, Promax Electronica S.A., Spain) operated in constant current mode. An argon stream controlled by a flow meter (Emerson Electronic Co., USA) was employed as the carrier gas. It was directly introduced into the cathode chamber of the electrolytic cell. The generated vapors then were transferred to the atomizer through a 20-cm-long PVC tube (3.1 mm i.d.). The starting catholyte was a dilute hydrochloric acid solution (0.020 mol L -1 ) containing the analyte. A peristaltic pump (Minipuls-3, Gilson, France) was employed to continuously pump the anolyte solution to the anodic volume of the cell. Another peristaltic pump (M 32 × 3/I, Regeltechnik, Germany) was used for removing the waste catholyte and washing the cathodic volume with deionized water. The connections were made by PVC tubing (2.05 mm i.d.).
Reagents and material
All reagents used in this work were of analytical grade (Merck, Germany). A standard stock solution of 1000 mg L -1 Zn was prepared by dissolving appropriate amounts of ZnCl2 in ultrapure water. Working standards of lower concentrations were made by further dilution of the stock standard with appropriate amounts of dilute acid solution (0.020 mol L -1 HCl, HNO3 or 0.010 mol L -1 H2SO4). Doubly-distilled water was used throughout.
All solutions containing the potential interfering ions studied were prepared by adding appropriate amounts of stock solutions made from their corresponding salts in dilute HCl (0.020 mol L -1 ). Argon of 99.999% purity was used throughout.
Operating procedures
The catholyte solution was transferred into the cathode chamber. If not stated otherwise, the catholyte was a 10-mL solution of 200 ng mL -1 Zn in 0.020 mol L -1 HCl and the cathode surface area was 0.80 cm 2 . The anolyte solution was 0.50 mol L -1 Na2CO3 continuously pumped into the anode chamber of the cell at a flow rate of 6.0 mL min -1 and could be used for several days. The flow rate of the Ar carrier gas was set at 100 mL min -1 . The electrolysis was started in constant current mode. The quartz tube atomizer (QTA) was heated to a suitable temperature by applying a constant AC voltage. The generated gaseous reaction products (hydrogen and volatile hydrides) were transferred to an electrically-heated QTA adjusted at a high constant temperature (865 ± 10 C) for atomization and detection by AAS. The values of the operating parameters were selected according to previous experiments and literature data. 25 After each measurement, the remaining catholyte was removed, the cathodic volume was subsequently washed with distilled water and then the cathode was replaced.
Results and Discussion
Effects of typical parameters Cathode material. The efficiency of the electrolyte hydride generation was strongly dependent on the hydrogen overvoltage. To attain a high negative redox potential needed for the formation of transition metal hydrides, it is necessary to use cathode materials with high hydrogen overpotential, such as Pb. As the cathode materials, platinum, graphite, lead, tin and lead-tin alloy were examined at an electrolytic current of 100 mA and a catholyte concentration of 0.020 mol L -1 HCl. Among the materials used, the best analytical signal was obtained with a Pb-Sn alloy as presented in Fig. 1 . A sharp peak-shaped absorbance signal was attained at neutralization time only when the Pb-Sn cathode was used. According to the electrochemical reaction mechanism for the catholyte variation method, a peak was observed at neutralization time. 25 The absorbance signal for Zn using the Sn electrode, in contrast with the Pb cathode, also increased at the same time but to a lesser extent. Pb-Sn alloy was selected as a suitable cathode material for EcHG.
As depicted in Fig. 1 , the recorded transient absorbance signals slightly increased immediately at the start of the electrolysis and subsequently leveled off. A high, sharp peak was obtained near the neutralization time. The slight increase of the absorbance signals at the start of electrolysis may be related to the concentration gradient of the electrolytically-generated hydroxide ions from the cathode surface and the development of instantaneous neutral conditions at the surface suitable for the formation of volatile zinc hydride. Hence, in this work, the analytical signal was evaluated via subtraction of its initial value from the absorbance peak height, and the corrected peak height absorbance signals were measured as the analytical results. Error bars shown in all figures represent the standard deviation of three replicate determinations of sample solutions.
In order to study the mechanism of the hydride formation and the behavior of the cathode material, we compared the changes in surface structures of Pb, Sn and Pb-Sn electrodes observed by scanning electron microscopy (SEM). The SEM micrographs of the electrodes before use and after electrolysis for 240 s are shown in Fig. 2 . The surface quality of all these materials were altered with electrolysis time due to the generation of their hydrides from the surface by the high negative potential applied to the electrodes. 2, 26, 33 To confirm the simultaneous electrolytic generation of tin hydride, we introduced the generated volatile species into different trapping solutions (e.g., 0.10 mol L -1 of sodium hydroxide and hydrochloric acid solutions) during long electrolysis times of 10 -30 min. The analyse of the resultant solutions with GFAAS revealed that only the 0.10 mol L -1 NaOH solution (after an electrolysis time of 30 min) showed a detectable amount of tin of 2.6 μg. It could be observed that the microphases of Pb-Sn alloy (α, the Pb enriched phase and β, the Sn enriched phase) grew during the electrolysis and that the electrode microstructures were subsequently destroyed after the peak time of 190 s. Such microstructure destruction is a result of the reaction of Pb and Sn with the generated hydroxide ions. Although the Pb-Sn has a slightly higher hydrogen overpotential than Pb and Sn, 26 its greater analytical signal may be related to the surface chemistry of this cathode material. This is due to two effects: First, the microstructure phases (α and β), which could behave differently, produce active sites for the formation of zinc hydride. Second, Pb-Sn shows rapid zinc hydride separation with the aid of hydrogen and other hydrides (lead and tin hydrides) generated from the cathode surface. In other words, their simultaneous formation contributed to improve the separation of zinc hydride from the cathode surface. In addition, surface analysis of the electrodes revealed that the fraction of Zn retained at the electrode surface was gradually increased to 0.54%, although the amounts for α and β phases were 0.93 and 0.32%, respectively. In addition to the alteration of the cathode surface, it was also observed that the repeated use of an electrode led to a 75% decrease in the analytical signal followed by further usage steps. In addition, about 5% carryover was observed if a blank solution was measured without exchange of the cathode. Therefore, the cathode should be replaced by a new one after each determination step. The modified design of the cell permitted us to easily change the low cost cathode wire in less than 1 min. Types of catholyte. The influences of three different initial acidic media of catholyte were evaluated. Dilute solutions of HCl, H2SO4 and HNO3 were tested as the catholyte. The signal attained for 0.010 mol L -1 H2SO4 and 0.020 mol L -1 HNO3 reached only 33 ± 5 and 23 ± 3% of that for 0.020 mol L -1 HCl, respectively. Therefore, the hydrochloric acid solution was used for further experiments. Anolyte solution. The effects of the anolyte type were tested using solutions of 0.50 mol L -1 salts of Na2CO3, K2CO3, Na2SO4 and NaCl. The analytical signal obtained using K2CO3 solution was relatively lower than those for other solutions. Although there were no significant differences among sodium salts, Na2CO3 solution was selected because of higher signal reproducibility.
Optimization of operating parameters
Concentration of catholyte. In this technique, 10 mL dilute solution of hydrochloric acid (0.010 -0.030 mol L -1 ) was used as an initial catholyte. During application of the constant electrolytic current, the hydronium ions were gradually reduced and replaced by sodium ions diffusing from the anodic chamber through the ion-exchange membrane. As a result, the acidity of the catholyte varied with electrolysis time. At neutralization time, depending on the acid content of the catholyte and the amount of electrolytic current, a peak-shaped transient signal appeared. Lower initial concentration of acid shortened the time before the appearance of a signal. The appearance peak time was in good agreement with the neutralization time, which could be calculated with the help of Faraday's law. The effect of the initial hydrochloric acid concentration of the catholyte on the analytical signal was investigated within an interval of 0.010 to 0.030 mol L -1 . The signal was slightly decreased when the initial HCl concentration increased to a value of 0.015 mol L -1 and increased at higher values. Since higher concentrations of the catholyte acid may introduce longer electrolysis times together with lowered repeatability of the analytical signal, the optimum value of 0.020 mol L -1 was finally selected for the following measurements. Carrier gas flow rate. The carrier gas, together with the excess hydrogen produced during the electrochemical reduction, aided in separation of the volatile hydrides from the liquid phase and in transporting it into the atomizer. The dependence of the analytical signal on Ar flow rate was evaluated in the range of 75 -150 mL min -1 . The absorbance signal increased with increasing carrier gas flow rate and reached a maximum value at 110 mL min -1 , followed by a subsequent decrease with further flow rate increase. Therefore, an Ar flow rate of 110 mL min -1 was selected as optimal for the following experiments. As a consequence, the use of higher carrier gas flow rates can successfully enhance the transport process efficiency, but higher values decrease the analytical signal; this decrease is due to the insufficient residence time of the generated vapors inside the atomizer.
If air, together with Ar, was introduced to the QTA (even in the interval of 5 -20 mL min -1 or further), the absorbance signals completely disappeared. It seems that the generated ZnH2 molecules reacted with oxygen to form zinc oxide that could not be atomized at the atomizer temperature. Influence of electrolytic current. The magnitude of the applied electrical current controlling the rate of the reduction reactions has a dominant influence on the generation of volatile hydrides during the electrochemical reduction. It is well known that increasing the applied current enhances the rate of the electrolysis process and reduces the neutralization time. Hence, a peak-shaped absorbance signal appears after a shorter delay. In Fig. 3 , the effect of the electrolytic current on the analytical signal is illustrated for currents ranging from 75 to 180 mA. The results show that the absorbance signal had no regular or considerable variation up to 110 mA, but significantly decreased with further increase of the electrolytic current. As a consequence, for the subsequent measurements, a higher current value of 110 mA was used. Application of this higher electrolytic current resulted in shorter analysis times and better repeatability of the absorbance signal. Cathode surface area. In this work, the surface area of the cathode could be adjusted by changing its length. For areas ranging from 0.4 -1.2 cm 2 , the effects are illustrated in Fig. 4 . The experimental data suggest that the analytical signal gradually increased with the cathode surface area. The optimum surface area was selected to be 1.0 cm 2 , because of the shorter replacement time compared to longer Pb-Sn wires. Even for this value, the Pb-Sn wire should be wound as a helix. Effect of catholyte volume. The system consisted of a batch cathode chamber with an internal volume of 18.2 cm 3 that acted as a gas-liquid separator. The catholyte volume, which did not fill the whole cathode compartment, can affect the hydrodynamic parameters of the gas phase separation. The experiment was performed with different volumes in the range 7.0 -12.0 mL of Zn solution containing a constant amount of Zn (2 μg). The signal reached a maximum between 10 and 11 mL and decreased with further increase of catholyte volume. This decrease is caused by unstable zinc hydride molecules that could be further absorbed by higher amounts of electrolyte above the electrode. At the lower optimal volume of 10 mL, the significant void volume of the cell reduced the transport rate of the generated gases. Atomization temperature. The atomizer temperature is the most important factor influencing the analytical absorbance signal. In order to study the identity of Zn volatile species produced by the electrolytic technique, the thermal stability of the generated vapors was investigated. The atomic absorption signal obtained using heated QTA was compared with the signals observed using the quartz tube operated at room temperature. It was found that, similar to cadmium, 25 no significant Zn atomic absorption signals were obtained with a cold atomizer. This confirms that the generated vapor species were molecular in nature (probably relatively stable molecular zinc hydride) and could be subsequently decomposed to atomic vapor by heated QTA. The produced atomic vapor was responsible for the Zn AAS signal.
The influence of the atomization temperature on the analytical signal was examined over a temperature interval from room temperature to 925 C. The results are shown in Fig. 5 . It was found that the enhancement of the absorbance signal was observed to initiate around 600 C. The absorbance signal was remarkably increased at elevated temperatures. Finally, an atomization temperature of 865 C was used for subsequent measurements because of instrumental limitations. Further increases in temperature reduced the reproducibility at the cost of decreased atomizer lifetime.
Analytical figures of merit
Under the optimized conditions, the analytical figures of merit for the procedure were determined. The calibration curve was linear in the range of 11 -300 ng mL -1 of Zn. The calibration sensitivity and the concentration detection limit (3σb, n = 9) were 6.7 × 10 -4 mL ng -1 (R 2 = 0.9928) and 11 ng mL -1 , respectively. The reproducibility (RSD) for nine replicate analyses at 200 ng mL -1 of Zn was determined to be 5.0%. The electrolytic technique for Zn offers three-fold improvement in sensitivity compared to the conventional nebulization method in flame AAS.
Interferences
The interferences caused by a number of anions and cations in the determination of Zn using EcHG method were examined and expressed as the recovery relating to the signal obtained in the presence and absence of interferent ions. The analytical signal for a standard solution of 200 ng mL -1 Zn was measured in the presence of 0.2, 2.0 or 20 mg L -1 of the respective interfering ions. The results are shown in Table 1 . It was found that most cations severely interfered but that anions gave slight interferences in the determination of Zn. Although the influence of the added metals can be explained by their electrodeposition on the cathode and the alteration of the surface chemistry and its hydrogen overpotential, further studies are required to provide a better understanding of the individual interfering effects. To eliminate any possible matrix effects in real samples, we used the technique of standard addition to obtain accurate results.
Analysis of real samples
The proposed technique was applied to the determination of Zn in real samples, a certified reference material (CRM), ERM-CA010 hard drinking water and a tap water sample to verify the accuracy of the method. The standard addition method was used to compensate the matrix effects on the EcHG of Zn. The tap water sample was collected from the city of Mashhad (NE Iran) and the CRMs were acidified with hydrochloric acid, diluted at ratios of 1:2 and 1:5, respectively, with both having a resultant concentration of 0.020 mol L -1 HCl. To obtain spiked samples, we employed other portions of the samples. These were spiked with the standard Zn solution, acidified and diluted to the final added concentration of 100 ng mL -1 Zn. The samples were analyzed under the optimum experimental conditions. The Zn concentration of 568 ± 66 ng mL -1 obtained for Zn in the CRM agrees well with the certified value of 542 ± 16 ng mL -1 . The concentration of Zn in the tap water sample was determined to be 220 ± 20 ng mL -1 and was in agreement with the value of 200 ± 6 ng mL -1 obtained using flame-AAS. 
Conclusions
In this study, a new EcHG methodology based on the electrolytic reduction of zinc ions to their elemental state and the production of volatile zinc hydride was proposed as a novel sample introduction technique in AAS. The experimental conditions and analytical figures of merit of the technique were determined. It can be estimated that the generation efficiency of the technique during the electrolysis time was less than 5%. EcHG is an interesting alternative approach to the CHG-AAS with NaBH4 in the analysis of Zn, not only because it provides an inexpensive, clean, and easy method, but also because its analytical performance is relatively superior compared to the data obtained by Luna et al. on CHG of Zn using heated quartz tube atomizer AAS. 7 The transient signals produced by this approach were reproducible and peak-shaped; such signals could be used for determination of trace amounts of Zn. From the results shown, it can be concluded that the generated volatile Zn species appears as a molecular hydride. From the cathode materials examined, the use of a Pb-Sn cathode was found to provide most suitable and sensitive analytical signals.
The enhancement of the performance and efficiency of the technique is ongoing. Following the results obtained for EcHG of Cd and Zn, the proposed procedure can be further expanded to other transition metals such as Ag, Cu etc. It would also be interesting and challenging to adapt and couple the presented electrolytic system to other sensitive atomic spectrometric techniques.
